The post-deposition heat treatment (annealing) for the electrochemically deposited thin film is often necessary in order to improve its crystallinity. In the present study, the electrochemically deposited indium sulfide oxide thin film was annealed in sulphure atmosphere for 60 min at 150˚C and 300˚C. The impact of the annealing process on the composition, crystal structure, and surface morphology of the thin film was investigated. In addition, superstrate heterojunction solar cells based on the annealed film as a buffer layer and tin sulphide as an active layer were fabricated and characterized. They showed diode-like behavior under dark condition and a relatively small photovoltaic effect under AM1.5 illumination condition.
Introduction
There is a great interest to replace the cadmium sulphide (CdS) thin film by a cadmium-free wide band gap buffer layer in solar cell applications, for environmental reasons and possible gains in efficiency associated with an increase in the short circuit current. Indium-based thin film buffers are good candidates, and thus they have been successfully synthesized by numerous techniques [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Thin films based on indium sulphide have been already utilized as Cd-free buffer layers for solar cell applications [11] [12] [13] [14] [15] [16] .
In previous reports we deposited indium sulphide oxide (InS x O y ) thin films using the electrochemical deposition technique (ECD) [17, 18] . The as-deposited films were amorphous in nature and included elemental indium in a polycrystalline structure. In order to improve their crystalline structure, the deposited films were annealed in nitrogen atmosphere at 100˚C, 200˚C, 300˚C and 400˚C [19] . Phase transition happened only at 400˚C and the structure of the 400˚C-annelaed film was polycrystalline. Due to annealing at such relatively high temperature (400˚C), almost all the sulphure content escaped from the film and oxygen, from the atmosphere, partly replaced it. This might be inversely affected the electrical properties of the annealed films.
In the present study, the deposited films were annealed in sulphure atmosphere (sulphurization) in order to improve their structure without sulphure deficiency; escaped sulphure is compensated from the atmosphere. Additionally, solar cells were fabricated using the sulphurized InS x O y thin films as buffer layers and tin sulphide (SnS) thin films as absorber layers. SnS thin film was chosen due to its promising advantages as an absorber layer for solar cell applications. SnS is a p-type semiconductor that possesses a band gap of 1.1 -1.5 eV that is close to the optimum value required for efficient light absorption [20] . In addition, its constituent elements, Sn and S are non-toxic and abundant in earth crust. Moreover, SnS can be easily deposited even using simple techniques such as chemical bath deposition [21, 22] , and ECD [23] [24] [25] .
Experimental Methods

Films Deposition and Annealing
The InS x O y thin films were deposited onto glass substrate coated with fluorine doped tin oxide (FTO) thin film. The films were deposited by the ECD technique from an aqueous bath that contained 10 mM of In 2 (SO 4 ) 3 and 100 mM of Na 2 S 2 O 3 at room temperature without intentional adjustment of the pH value (pH ~ 2.5) of the bath. The power supply of the ECD apparatus was adjusted to generate voltage in the two-step periodic-pulse form, The first voltage-step equal to -1.15 V and the second one equal to -0.4 V and the time-interval of each pulse equal to 10 sec. The deposited film was ~0.2 μm in thickness. More details about the deposition apparatus and conditions are mentioned elsewhere [17, 26] . A post-deposition heat treatment was performed for the deposited films in sulphure atmosphere for 60 min at two different temperatures, namely 150˚C and 300˚C.
The structural, compositional, and optical properties of the as-deposited as well as the annealed films were characterized by various techniques. The structure of the films was studied using the desktop X-ray diffractometer (Rigaku, MiniFlex II). The compositional analysis was carried out by energy dispersive X-ray spectroscope (EDX; Hitachi Miniscope TM-1000) keeping the acceleration voltage at 15 kV and Auger electron spectroscopy (AES) using the model JEOL JAMP 7800 Auger microprobe at probe voltage 10 kV and current 2 × 10 -8 A. In the AES machine an argon-ion sputtering with acceleration voltage 3 kV and current 20 mA was used to sputter the film surface. Based on AES measurements, the S/In and O/In atomic ratios were calculated using standard In 2 S 3 and In 2 O 3 compounds, respectively. The surface morphology of the film was analyzed by scanning electron microscope (SEM; Hitachi Miniscope TM-1000), keeping the acceleration voltage at 15 kV and magnification at 10,000.
Finally, the chemical bonds among the constituent elements were investigated by the X-ray photoelectron spectroscope (XPS, PHI 5000 VersaProbe). Sputtering was accomplished at 3 mA emission current and a 3 kV beam energy using an Argon ion gun at vacuum pressure equal to 1.1 × 10 -7 Torr.
Solar Cell Fabrication
The solar cell was fabricated in the form of superstrate heterjunction configuration. A 0.8-μm-thick SnS thin film was electrochemically deposited onto the annealed InS x O y thin film and then the indium metal electrodes were deposited as back contacts by thermal evaporation. Thus the structure of the fabricated solar cell could be represented by [glass/FTO/InS x O y /SnS/In] form. The SnS thin film was deposited from an aqueous bath that contained SnSO 4 (25 mM) and Na 2 S 2 O 3 (100 mM). The pH value of the bath was not intentionally adjusted (pH = 3). A three-step pulse voltage was applied to the substrate, V 1 = 0, V 2 = -0.6, and V 3 = -1.0 V vs SCE, they are applied for 10, 10, and 6 sec, respectively [25] . The size of each indium electrode is 1 mm 2 and the distance between two adjacent electrodes is 1 mm. Figures 1(a) and (b) showed the SEM measurements of films annealed at 150˚C and 300˚C, respectively. The figures revealed that films cover the substrate without cracks or voids. It is noticeable that the white particles distributed at the film surface became little bigger after annealing at 300˚C.
Results and Discussions
Figures 2(a)
and (b) showed the energy dispersive X-ray spectroscopy (EDX) measurements that were performed at the white particles distributed at the surface of the as-deposited and 300˚C-annealed InS x O y thin films, respectively. Figure 2(a) revealed that the white particles are very indium-rich. However, those white particles became sulphure-rich for the film annealed at 300˚C, as shown in Figure 2(b) . This means that the excess indiumatoms of the white particles were sulphurized due to annealing at 300˚C.
A quantitative study, shown in Table 1 , of the film composition was performed based on the Auger electron spectra taken at the flat part of the film surface not at white particles. The spectra were taken after 20 sec of argon-ion etching to remove the contamination that may present at the film surface. The study revealed that annealing at 150˚C slightly increased the sulphure content of the film. However, annealing at 300˚C significantly changed the film composition. The sulphure content obviously increased and the oxygen content almost disappeared as clearly shown in Figure 3 . During annealing at such high temperature, 300˚C, oxygen was replaced by sulphure; the oxygen contained in the bulk of the film recombined with the hydrogen presented in the atmosphere to produce the water vapor. However, the [S/In] ratio of the 300˚C-annealed film was 2.2 instead 1.5 as of β-In 2 S 3 thin film. This means that the film consisted of β-In 2 S 3 and another secondary In x S y phase. The XRD measurements confirmed only the presence of the β-In 2 S 3 . This means that the secondary phase may present in the amorphous or nanocrystalline structure.
The XPS spectrum of S 2p energy level of the 300˚C-annealed film was measured at the film surface and after different time intervals of sputtering. Figures 4(a) and (b) showed the spectra of S 2p measured at the surface and after 30 sec of sputtering of the 300˚C-annealed film, respectively. The peak of the spectrum taken at the surface could be represented by two separate peaks. The major peak belongs to the sulphure-to-indium pond and the minor one refers to the sulphure contamination (oxidized sulphure). After 30 sec of sputtering the contamination peak completely disappeared and the only remained peak is that of S-In pond. 300˚C-annealed films are bonded only to indium atoms and the contamination layer is tiny and superficial.
Concerning the crystal structure of the film, we confirmed in the previous report that the as-deposited InS x O y thin film was amorphous in nature and contained polycrystalline indium metal in its bulk [18] . However, phase transition happened after annealing at 400˚C in nitrogen atmosphere; polycrystalline β-In 2 S 3 phase is formed in the bulk of the film and the indium metal was totally disappeared. The XRD spectra of films annealed at 150 and 300˚C in sulphure atmosphere are shown in Figure 5 . The figure revealed that the film became polycrystalline β-In 2 S 3 due to annealing at 300˚C. This means that the presence of sulphure in the atmosphere, instead of nitrogen, during the annealing process resulted in phase transition at 300˚C instead of 400˚C and thus a considerable amount of energy could be conserved.
The indium sulfide oxide thin film annealed at 300˚C was incorporated in a SnS-based heterojunction solar cell [glass/FTO/InS x O y /SnS/In]. Figures 6(a) and (b) showed the I-V characteristics under dark and illumination (AM1.5) conditions, respectively. The figures revealed that the solar cell has a rectification property (diode-like behavior) and a noticeable photovoltaic effect. Nevertheless, the photovoltaic conversion efficiency of this solar cell is still very low and it needs more improvement. The reason behind the poor efficiency is not clear, however, it may be due to the relatively large grains at the surface of the bottom layer (InS x O y ) that inversely affect the electrical properties at the interface.
Conclusions
The electrochemically deposited InS x O y thin films were annealed in sulphure atmosphere at 150˚C and 300˚C for 60 minutes. The properties; namely composition, crystal structure, and surface morphology of the annealed films were studied. Annealing at 150˚C did not introduce a noticeable modification to those properties. However, annealing at 300˚C resulted in a considerable modification for the film properties. Sulphure content was increased in the film bulk replacing oxygen. The structure of the film became polycrystalline instead of amorphous. Moreover, XRD peaks of the indium metal were completely disappeared; excess indium-atoms might be get sulphurized to form β-In 2 S 3 . The surface morphology of the film annealed at 300˚C is almost similar to that of the film annealed at 150˚C except the white particles distributed at the surface of the 300˚C-annealed film are little bigger. The EDX measurements revealed that the white particles distributed at the film surface are in-rich particles that get sulphurized due to annealing at 300˚C. The XPS measurements revealed that the sulphure atoms incorporated in the bulk of the film are bonded to indium atoms.
The [glass/FTO/InS x O y /SnS/In] heterojunction solar cell showed diode-like behavior and photovoltaic effect. However, the conversion efficiency still very low and needs further improvement.
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